Comparative electrochemical and electron paramagnetic resonance study of the mechanism of oxidation of 2,3,5,6-tetra-Me-pyrazine-di-N-oxide as a mediator of electrocatalytic oxidation of methanol at glassy carbon and multi-walled carbon nanotube paper electrodes, The comparative study of the mechanism of oxidation of 2,3,5,6-tetra-Me-pyrazine-di-N-oxide (Pyr2) as a mediator of electrocatalytic oxidation of methanol (MeOH) was carried out at glassy carbon (GC) and multi-walled carbon nanotube (MWCNT) paper electrodes in 0.1 M LiClO4 solutions in acetonitrile by the methods of cyclic voltammetry, EPR electrolysis, the dependence of the differential double layer capacitance of the electrode C on potential E, scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM). It was found that the oxidation current of Pyr2 at MWCNT paper electrode (as in the case of SWCNT paper electrode found early) in the absence of MeOH exceeds by several times the oxidation current of the ferrocene reference. This effect is attributed to the adsorption of Pyr2 at the surface of these electrodes and the subsequent increase in the surface concentration of Pyr2 and the current of its oxidation. Catalytic currents were recorded during the oxidation of Pyr2 at GC and MWCNT paper electrodes in presence of MeOH. The effect of MeOH, acid and water on the shape of CVs and the intensity of EPR signal of Pyr2 radical cation was investigated. These results were explained by the E1C1E2C2 mechanism of two-stage electrode process characterized by catalytic current recorded at the second electrode stage. The overall two-electron catalytic oxidation of methanol in complex with the Pyr2 radical cation was assumed to occur. The catalytic efficiency of MeOH oxidation increases by 7 times at the use of MWCNT paper electrode instead of GC. The results pointed out that in process of electrocatalytic oxidation organic compounds in the presence of aromatic di-Noxides as mediators the effect of the electrodes made of SWCNT paper (studied earlier) and MWCNT paper (studied in this paper) are similar. Comparative electrochemical and electron paramagnetic resonance study of the mechanism of oxidation of 2,3,5,6-tetra-Me-pyrazine-di-N-oxide as a mediator of electrocatalytic oxidation of methanol at glassy carbon and multi-walled carbon nanotube paper electrodes, J. Adv. Electrochem. 4(1) (2018) 162-167.
Introduction
The electrochemically generated aromatic di-N-oxide radical cations are carriers of active oxygen that is capable of activating the C-H bond of substrates: alcohols, ethers and cyclohexane [1] [2] [3] [4] [5] [6] [7] [8] [9] . The mechanism of the oxidation of phenazine-di-N-oxide (PhenDNO), pyrazine-di-N-oxide (PyrDNO), and its substituted derivatives as mediators of electrocatalytic oxidation alcohols, ethers, and cyclohexane was studied by cyclic voltammetry at glass carbon electrode in acetonitrile [1] [2] [3] [4] [5] [6] [7] [8] [9] . In the study of the oxidation of PhenDNO in methanol and its deuterated derivatives CH3OD and CD3OD by EPR electrolysis [3] , EPR spectra of radical intermediates were recorded with g-factor of 2.0023 in CH3OH and CH3OD and 2.0023 and 2.0036 in CD3OD. It was assumed that the radical intermediates were complexes of radical cation PhenDNO +• with methanol and its deuterated derivatives. The detection of the same intermediate in CH3OH and CH3OD indicated that CH3 group of alcohol was involved in formation of the intermediate. To explain the results obtained in [1] [2] [3] [4] [5] [6] [7] [8] [9] , the E1C1E2C2 mechanism of two-stage electrode process characterized by catalytic current at the second electrode stage was suggested. The overall two-electron catalytic oxidation of the organic substance in complex with aromatic di-N-oxide radical cation was assumed to occur.
Carbon nanomaterials, single-walled (SWCNT) and multi-walled (MWCNT) nanotubes, nanopaper, nanofibers, have been extensively studied as a promising material for fundamental research [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , technological applications [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] (electronic materials and sensors) and electrocatalysis [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] due to their unique structural and physical properties: high surface area, excellent electronic conductivity, high chemical stability, and a wide useful potential window. Therefore, it was reasonable to study the possibility of using such electrodes in the processes of electrocatalytic oxidation of organic compounds in the presence of electrochemically generated aromatic di-N-oxide radical cation. We studied the mechanism of oxidation of PhenDNO in the presence of cyclohexanol [47] and PhenDNO and Pyr2 in the presence isopropyl alcohol (i-PrOH) [48, 49] by the methods of cyclic voltammetry, EPR electrolysis and the differential capacitance at GC and SWCNT paper (produced in our institute [47] and produced by "NanoLab's" firm (USA) [48, 49] ) electrodes in 0.1 M LiClO4 solutions in acetonitrile. It was found that the catalytic efficiency of oxidation of organic compounds at SWCNT electrodes in the presence of aromatic di-N-oxide increases several times as compared with oxidation at GC electrode.
In the present work the mechanism of oxidation of Pyr2 in the presence of methanol was studied at GC electrode and for the first time at MWCNT paper electrode in 0.1 M LiClO4 solutions in acetonitrile by the methods of cyclic voltammetry and the dependence of the differential double layer capacitance of the electrode C on potential E. The effect of MeOH, acid and water on the shape of CVs and the intensity of EPR signal of Pyr2 radical cation was investigated.
Experimental Methods
The CVs were recorded at MWCNT paper and GC electrodes using an IPC-compact potentiostat (Moscow, Russia). A three-electrode cell was used for electrochemical measurements. A platinum plate served as the counter electrode. The reference electrode was a silver wire separated from the cell by a bridge filled with 0.1 M LiClO4 solution in acetonitrile. The accuracy of potential recording was ±0.01 V. Before the experiment, GC electrode was polished with micron sandpaper. Then GC electrode was kept for 5 min in acetone and further washed by tridistilled water and dried. MWCNT paper electrode was washed by acetone and tridistilled water and dried. Before recording of CV in 0. acetonitrile, the electrodes were polarized doubly for 10 s at 1.0 and 1.5 V and then CVs were recorded in the potential range of 1.0 to 2.2 V. Before recording of each CV in investigation solution, the electrodes were polarized for 40 s at 1.0 V. The visible surface of GC was 0.181 cm 2 . Before the experiments, oxygen dissolved in solution was removed by bubbling of argon (high purity grade) through the cell. During experiments, the argon flow over solution preventing the penetration of oxygen to solution.
Electrodes from carbon nanopaper were obtained as described in a previously studied work [50] . The characteristic size of this working nanopaper electrode was 2 × 4 mm. Nanopaper was produced by "NanoLab's" firm (USA) as a black sheet-like material with thickness of 0.1 mm. According to our data of scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM) ( Fig. 1a and b) nanopaper contains multi-walled carbon nanotubes with diameter of ~20 nm and length of ~2 µm. Transmission electron micrographs were obtained with FEI Technai Osiris transmission electron microscope operating at 200 kV. Samples for transmission electron microscopy were predispersed in acetone by ultrasonication in an ultrasonic bath for 50 min. Then the suspension was pipetted onto a copper TEM grid with microholed amorphous carbon substrate and set up to dry in air. The EPR spectra were recorded by a Radiopan spectrometer SE/X 2544 (Poznan) at magnetic field modulation 0.01 mT and microwave power 1 mW. The spectrometer was equipped by a frequency counter and a Tesla meter. The electrochemical EPR cell was similar to that suggested by Ioffe et al. [51] . A helix of platinum or gold wire ~0.31 mm in diameter served as a working electrode, a cylinder of Pt foil was an auxiliary electrode, and a silver wire was the reference electrode. The cell was inserted into resonator of the EPR spectrometer and EPR spectra were recorded during electrolysis at controlled potentials. During EPR spectrum recording at low temperatures, the cell was inserted into a quartz tube with flow of nitrogen with required temperature.
The dependence of the differential capacitance C of MWCNT paper electrode on potential E was measured by a potentiostat -galvanostat Autolab /FRA (Netherlands) at 370 Hz and the ac voltage amplitude of 1 mV. The potential of working electrode relative to saturated calomel electrode was varied by steps of 50 mV with detention for 3 s at each E. The C vs E curves were recorded in regions 0-1.8 V in 0.1 M LiClO4 solution in acetonitrile, 0-1.4 V in the presence of 1 mM Pyr2 (at these potentials Pyr2 is neither oxidized nor reduced) and in 0-1.2 V region in the presence of 1 mM Pyr2 and 0.5 M MeOH after recording CV curve in corresponding regions at the potential scan rate 20 mV/s. Acetonitrile and methanol of HPLC grade were used. LiClO4 was purified by double recrystallization from solution in tridistilled water with subsequent drying at low pressure and temperatures which do not exceed 200 °C. The experimental procedure of the Pyr2 synthesis was described in details in [52] . The 0.1 M LiClO4 solution in acetonitrile was used as a supporting electrolyte in all experiments.
Results and Discussion

Oxidation of Pyr2 at GC and MWCNT Paper Electrodes in Acetonitrile
The oxidation of Pyr2 at GC electrode by the method of cyclic voltammetry was studied early [49] in 0.1M LiClO4 solution in acetonitrile. It was found that the current of anodic peak of Pyr2 oxidation (1.4 V) is proportional to square root of the scan rate and concentration of Pyr2 indicating the diffusion character of the electrochemical process. The process is irreversible and corresponds to EC process when the charge transfer is followed by irreversible chemical reaction. The rate of chemical reaction of radical cation Pyr2  with acetonitrile molecule 0.54 s -1 was estimated by Kulakovskaya et al. [49] from the ratio of currents of cathodic to anodic peak as described in some studies [53, 54] . At electrolysis at Pt electrode in 0.1 M LiClO4 solution in acetonitrile [49] was recorded the EPR spectrum of radical cation of Pyr2 at positive potential at decreasing temperature down to -45  С. Parameters of EPR spectrum of Pyr2: g-factor = 2.0089, Gaussian line of 1.45 mT width between extreme. The intensity of the EPR signal reached its maximum at 1.6 V and does not changed at further increasing the potential up to 2.4 V. This indicated that this radical cation is not further oxidized to a dication in this range of Е.
The potential of oxidation of Pyr2 (1.7 V) at MWCNT paper electrode ( Fig. 2a ), is higher as compared by oxidation at GC electrode. The process is irreversible and not diffusion-controlled because the difference between potentials of the anodic and cathodic peaks is 100 mV and the oxidation current of Pyr2 does not increase directly proportional to the square root of potential scan rate ( Fig. 2b ) and concentration of Pyr2 from 0.5 up to 1.0 mM (Fig. 2c ). The oxidation current of Pyr2 (Fig. 2d ) exceeds by several times the diffusion current of oxidation of 1 mM ferrocene (as a reference current, we used the diffusion current of ferrocene oxidation which proceeds reversibly with the loss of one electron). These features of Pyr2 oxidation at MWCNT paper electrode are similar observed at SWCNT paper electrode [49] and correspond to the compounds adsorbed at the surface of electrode [55] . The shift of potential of Pyr2 oxidation at MWCNT paper electrode may be explained by necessity of overcoming adsorption forces at discharge of adsorbed particles. To support that adsorption of Pyr2 at MWCNT paper electrode in investigated systems takes place the measurements of C,E-dependences for the first time were carried out ( Fig. 3 ). It was found that in the presence of 1 mM Pyr2 the capacity of MWCNT paper electrode is decreased. It is in agreement with Lazer et al. reports [56] , where it was shown that at graphene-like materials carbocycles with conjugated π-bonds possess higher adsorbability as compared with acetonitrile. The addition of 0.5 М MeOH to 1 mM Pyr2 results in further decrease of the double layer capacity. This testifies adsorption of MeOH on the surface of MWCNT paper electrode and formation of a mixed layer which includes molecules both Pyr2 and MeOH. Earlier [47, 48] we found that the oxidation current of PhenDNO at SWCNT paper electrode exceeded by several times the oxidation current of ferrocene reference. To clarify the mechanism of this effect, we performed [47] a quantum-chemical modeling of adsorption of PhenDNO and ferrocene at CNT electrode. We found that the estimated adsorption energy of PhenDNO on nanotube was by 8.0 kJ/mol higher than that of ferrocene. The increase in the interaction energy for PhenDNO can be attributed to the increase in the donor-acceptor component of interaction. If we assume that the change in the entropy of the system during the formation of the adsorption complexes of PhenDNO and ferrocene with the surface of CNT electrode is approximately the same in the two cases, the concentration of PhenDNO on the surface is ≈ 30 times higher than that of ferrocene at low values of surface coverage.
As in the case of PhenDNO oxidation [47, 48] , the increase of the current of Pyr2 oxidation at SWCNT [49] and MWCNT paper electrodes (found in this work) by several times as compared with that for ferrocene can be explained by Pyr2 adsorption which results in the increase of Pyr2 concentration on the electrode surface and, as a consequence, in the increase of its oxidation current.
Oxidation of Pyr2 at GC and MWCNT Paper Electrodes
The CV curves obtained at GC electrode in 0.1 M LiClO4 solution in acetonitrile in the presence of MeOH (Fig. 4a) show that the oxidation of MeOH in the given range of potentials is not observed in the absence of Pyr2. A second anodic peak appears at higher anodic potentials at CV of Pyr2 oxidation at GC electrode in 0.1 M LiClO4 solution in acetonitrile after adding 0.05 M MeOH to the solution (Fig. 4b) . At increasing MeOH concentration from 0.01 up to 0.1 M the current of first anodic peak increases unsubstantially and its potential shifts to lower positive values whereas the current of the second anodic peak increases (Fig. 4c ), and the start of the increase of the anodic current shifts to the first anodic peak. At the concentration of MeOH 0.1 M and higher the first and second anodic peaks are merged. Simultaneously the cathodic peak of the reduction of the Pyr2 radical cation to Pyr2 decreases gradually and disappears at 0.05 M MeOH (Fig. 4d ). The disappearance of the cathodic peak indicates the interaction of the radical cation with MeOH. To determine the mechanism of oxidation of Pyr2 in the presence of MeOH we studied the dependence of anodic peaks on the scan rate. It was found that at MeOH concentration between 0.01 and 0.5 М the current of first anodic peak increases proportionally to square root of the scan rate (Fig. 5a) indicating the diffusion character of the electrochemical process. The second anodic peak is irreversible and decreases with the increase of the potential scan rate at MeOH concentrations lower 0.5 M (Fig. 5a ). This means that this peak is of kinetic nature and E1C1E2 mechanism is realized when two stages of electron transfer are separated by a chemical stage C1 [53, 54] .
At the concentration of MeOH higher 0.05 M, the current of the second anodic peak is proportional to square root of the concentration of MeOH (inset, Fig. 4c ) and at 0.5 M MeOH the current of the anodic peak weakly depends on the potential scan rate (Fig. 5b) and is proportional to the concentration of Pyr2 (Fig. 5c ). According to Galus et al. [55] , these data testifies the catalytic nature of the second anodic peak. Catalytic efficiency of the process α (the ratio of the catalytic oxidation current of Pyr2 in the presence of 0.5 М MeOH to the current recorded in the absence of MeOH at the same GC electrode) was 4.0 True value of catalytic efficiency should be higher because a competitive reaction of radical cation of Pyr2 with solvents decreases this value. The existence of this competitive reaction is revealed by irreversibility of Pyr2 oxidation and the appearance of EPR spectrum of radical cation only at lowering temperature down to -45 °C.
Note that in the presence of MeOH in acetonitrile solutions, no EPR spectrum of radical cation of Pyr2 could be detected. The EPR spectrum of radical cation of Pyr2 was detected in [7] at electrolysis at Au electrode only at temperature close to the solvent freezing point at -90° C when deuterated derivatives of methanol (CH3OD and CD3OD) were used as a solvent and substrate simultaneously ( Fig. 6b and c) . Parameters of EPR spectrum of radical cation Pyr2: g-factor = 2.0089, Gaussian line of 1.45 mT width between extreme. The direct observation of EPR spectrum of radical cation of Pyr2 in solutions of deuterated methanol derivatives suggest that Pyr2 structure remains unchanged during the alcohol catalytic oxidation. As in the case of GC electrode the CV curves obtained at MWCNT paper electrode in 0.1 M LiClO4 solution in acetonitrile in the presence of MeOH (Fig. 7a) show that the oxidation of MeOH in the given range of potentials is not observed in the absence of Pyr2.`At the addition of MeOH to acetonitrile solution of 0.1 M LiClO4 the oxidation current of Pyr2 at MWCNT paper electrode increases and the start of the increase of the anodic current shifts to lower positive potentials on the CVs (Fig. 7b ) as in the case of GC electrode.
According to Galus et al. [55] , the linear dependence of the maximum of the anodic peak of Pyr2 oxidation on the square root of the concentration of MeOH (inset, Fig. 7b ) suggests the catalytic nature of the observed anodic current. The catalytic efficiency of the process α (per ferrocene as reference) is 27 at 0.5 M MeOH. Thus, the use of MWCNT paper electrode increases the catalytic efficiency of MeOH oxidation by ~7 times.
The catalytic current increases with the increase of Pyr2 concentration (Fig. 7c ). However, in contrast to the GC electrode, on which Ia increases in proportion to the concentration of Pyr2 (Fig. 5c ), at the MWCNT paper electrode Ia increases only factor 1.3. This is probably because we record the already increased oxidation current of Pyr2.
To elucidate mechanism of electrode process, we studied the effect of addition of CH3COOH and water (as a base) on the potential of catalytic wave and catalytic current of Pyr2 oxidation at GC and MWCNT paper electrodes in the presence of MeOH. Addition of 1.0 and 2.0 M of CH3COOH to solution containing 0.5 mM of Pyr2 and 0.5 M of MeOH results in the decrease of catalytic current and the shift of catalytic wave to higher positive potentials ( Fig. 8a and b ). The addition of H2O results in the increase of catalytic current and the shift of catalytic wave at GC electrode to potentials of anodic wave of Pyr2 oxidation (Fig. 8c ). The catalytic current of the oxidation of Pyr2 increases by 1.9 times at the addition of 2.0 M Н2О. In the case of MWCNT paper electrode the addition of H2O shifts the catalytic wave to lower positive potentials (Fig. 8d ). However the shift is less than that in the case of GC electrode. The shift of catalytic waves at GC and MWCNT paper electrodes to lower positive potentials after addition of H2O shows that the potential of oxidation of a product of interaction of Pyr2 radical cation with MeOH is close to potential of Pyr2 oxidation. The effect of addition of CH3COOH and water (as a base) on the potential of catalytic wave and catalytic current of Pyr2 oxidation at GC and MWCNT paper electrodes in the presence of MeOH show that the catalytic process is accompanied by proton elimination. Similar effect of addition of CH3COOH and of H2O on catalytic oxidation of PhenDNO and Pyr2 in the presence of i-PrOH at GC and SWCNT paper electrodes observed earlier studies [48, 49] . Based on the obtained experimental data, the oxidation of Pyr2 in the presence of MeOH at the GC electrode can be explained by the E1C1E2C2 mechanism proposed earlier [1] [2] [3] [4] [5] [6] [7] [8] [9] for the two-stage electrode process characterized by the catalytic current recorded at the second electrode stage.
At the first electrode stage (E1) in Scheme 1, aromatic di-N-oxide is oxidized to the radical cation. The electrophilic addition of the oxygen atom of the radical cation to the C-H bond of organic substance occurs at the first chemical stage (C1). The reaction is accompanied by proton elimination and the formation of a radical intermediate (a complex with an N-O-C structure). Compounds of this structure and methods for their preparation are known [57] [58] [59] [60] [61] [62] [63] . At the second electrode stage (E2), the radical intermediate is oxidized to the cation. The next chemical stage (C2) corresponds to the interaction of the cation with a nucleophile or base (a water admixture in the solution). Since there are catalytic currents in the presence of organic substance, we assumed that the cation decomposes at the C2 stage to form the starting aromatic di-N-oxide and the product of the two-electron oxidation of organic substance. The regenerated aromatic di-N-oxide is immediately oxidized to the radical cation and the cycle is repeated, and the catalytic current of the total two-electron oxidation of the substrate is recorded. The oxidation of Pyr2 at the MWCNT paper electrode in the presence of MeOH can be explained by the above-considered mechanism. The difference of the shapes of CVs at GC and MWCNT paper electrodes may be due to different adsorbability of Pyr2 on these electrodes.
Conclusion
The comparative study of the mechanism of oxidation of 2,3,5,6-tetra-Me-pyrazine-di-N-oxide (Pyr2) as a mediator of electrocatalytic oxidation of methanol (MeOH) was carried out at glassy carbon (GC) and multiwalled carbon nanotube (MWCNT) paper electrodes in 0.1 M LiClO4 solutions in acetonitrile by the methods of cyclic voltammetry, EPR electrolysis, the dependence of the differential double layer capacitance of the electrode C on potential E, scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM). It was found that the oxidation current of Pyr2 at MWCNT paper electrode (as in the case of SWCNT paper electrode found early) in the absence of MeOH exceeds by several times the oxidation current of the ferrocene reference. This effect is attributed to the adsorption of Pyr2 at the surface of these electrodes and the subsequent increase in the surface concentration of Pyr2 and the current of its oxidation. Catalytic currents were recorded during the oxidation of Pyr2 at GC and MWCNT paper electrodes in presence of MeOH. The effect of MeOH, acid and water on the shape of CVs and the intensity of EPR signal of Pyr2 radical cation was investigated. These results were explained by the E1C1E2C2 mechanism of two-stage electrode process characterized by catalytic current recorded at the second electrode stage. The overall two-electron catalytic oxidation of methanol in complex with the Pyr2 radical cation was assumed to occur. The catalytic efficiency of MeOH oxidation increases by 7 times at the use of MWCNT paper electrode instead of GC. The results pointed out that in process of electrocatalytic oxidation organic compounds in the presence of aromatic di-N-oxides as mediators the effect of the electrodes made of SWCNT paper (studied early) and MWCNT paper (studied in this paper) are similar.
